Effects of phosphorylation of bovine cardiac troponin T (TnT) by protein kinase C on the Ca2+-stimulated MgATPase activity of reconstituted actomyosin complex and the binding of TnT to tropomyosin(Tm)-F-actin were investigated. The Ca2+-stimulated MgATPase of actomyosin containing phosphorylated TnT (1.8 mol of P/mol), compared with that containing unphosphorylated TnT, was decreased by up to 48 %. Phosphorylation of TnT also decreased (up to 48 %) its maximum binding to Tm-F-actin, which was accompanied by a decrease (up to 3.5-fold) in its apparent binding affinity. The findings indicate that the effects of phosphorylated TnT in decreasing actomyosin MgATPase might be secondary to its decreased interactions with the other components of the thin filament, representing a new mechanism underlying the negative inotropic responses of various cardiac preparations to protein kinase C-activating phorbol esters.
INTRODUCTION
Actomyosin MgATPase, the basis of cardiac myofibril contractility at the molecular level, is regulated by troponin (Tn), which is composed of the Ca2l-binding TnC, the MgATPaseinhibiting TnI and the tropomyosin (Tm)-binding TnT subunits. Both Tnl and TnT are phosphoproteins and are phosphorylated in vitro by a variety of protein kinases (for reviews, see refs. [1] [2] [3] ). The protein kinase C (PKC) activators, phorbol esters, have been shown to have negative inotropic effects on various cardiac preparations [4] [5] [6] [7] [8] [9] [10] [11] . Treatment of human skinned cardiac fibres with phorbol esters has resulted in decreased contractility and Ca2+ sensitivity [12] . Furthermore, activation of PKC has been implicated in the actions of x-adrenergic agonists on the heart [13] [14] [15] . A precise causal relationship between the biochemical and physiological events, however, remains to be established. One suggested mechanism [8, 9] that can account for this effect is that PKC phosphorylation of phospholamban [16] inhibits Ca2+ transport by sarcoplasmic reticulum.
We have previously reported that TnI and TnT from heart [17] and skeletal muscle [18] are excellent substrates for PKC, and have identified the sites of phosphorylation in these proteins from bovine hearts [19] . Recently, we demonstrated that phosphorylation by PKC of Tnl or TnT, or both, in various Tn preparations caused a reversible decrease in Ca2+-stimulated actomyosin MgATPase activity of the reconstituted contractile apparatus, suggesting that negative inotropic effects of phorbol esters can also be mediated through phosphorylation of contractile proteins by PKC [20] . Specific regions in the structure of TnT interact with Tm, TnI and TnC. The interaction of the N- terminal region (T1) of TnT with a region near the C-terminus of Tm is insensitive to Ca2 , whereas the interactions of the Cterminal region (T2) of TnT with Tm (Cys-190 of skeletal muscle Tm), Tnl and TnC are Ca2+-sensitive [2, 21] . Since the major sites of phosphorylation by PKC in TnT [19, 22] are located in or near the T2 region, it is possible that phosphorylation of these sites alters the interactions of TnT with Tm, TnC and TnI, and may account for, in part, the decrease in the Ca2+-stimulated actomyosin MgATPase activity [20] . Our-present-studies were aimed at testing this hypothesis, by investigating the effects of phosphorylation of TnT on the Ca2l stimulation of MgATPase activity of reconstituted actomyosin and on the binding of TnT to the Tm-F-actin complex. We found that phosphorylated TnT, in the presence or absence of TnC and Tnl, had lower apparent affinity for binding to Tm-F-actin and that this decreased binding correlated with the decrease, caused by phosphorylated TnT, in the Ca2l-stimulated MgATPase activity of actomyosin reconstituted from various molar ratios of thin-filament components.
EXPERIMENTAL Materials
Phospatidylserine, diolein and alkaline phosphatase were purchased from Sigma; the alkyl-lysophospholipid l-O-octadecyl-2-O-methyl-rac-glycero-3-phosphocholine (ET-1 8-OCH3) was from Calbiochem; fresh bovine hearts and pig brains were from local slaughterhouses; frozen rabbit skeletal muscle was from Pel-Freez (Rogers, AR, U.S.A.).
Preparation of enzymes and bovine heart contractile proteins PKC, purified (about 50 % homogeneity and devoid of other contaminating protein kinases) from pig brain extracts through the phenyl-sepharose step [23] , was kindly provided by Robert Raynor of this laboratory. Type I(y), II(ft) and III(a) isoforms of PKC were prepared by subsequent hydroxyapatite chromatography [24] . Protein phosphatase 1 was purified from rabbit skeletal-muscle extracts by the method of Stewart et al. [25] . Bovine heart ventricles were used for the purification of all of the contractile proteins. TnC, TnI and TnT were purified by the method of Potter [26] and stored at -70°C in 50 [27] and F-actin by the procedures of Pardee & Spudich [28] and Hartzell [29] . Throughout this paper, the term actin will be used in reference to the total concentration of actin, whereas 'F-actin' will refer to Vol. 288
Abbreviations used: Tn, troponin; TnI, troponin I; TnT, troponin T; TnC, troponin C; Tm, tropomyosin; PKC, protein kinase C; ET-18-OCH3,
polymerized actin as determined by ultracentrifugation. Myosin and myosin SI were prepared as described by Siemankowski & White [30] as modified by Hartzell [29] . In most MgATPase experiments, whole myosin was used because the MgATPase activity of actomyosin SI was greatly decreased at the high ionic strengths used in the assay.
Phosphorylation of contractile proteins
Before the experiments, the stored TnT was dialysed against dialysis buffer (10mM-imidazole, pH 7.0, 0.3 M-KCl, and 1 mmdithiothreitol) by the method of Potter [26] . Dephosphorylation to remove endogenous phosphate was carried out by incubating TnT (500 ,ug/ml) with protein phosphatase 1 (40 #g/ml) in the dialysis buffer for 3 h at 30°C, or with alkaline phosphatase (50 , [26] and finally redialysed against the dialysis buffer as described above. The conditions for phosphorylation by PKC were essentially the same as described recently [19] .
Briefly, reaction mixtures (2 ml) contained 50 mM-Tris/HCl (pH 7.5), 10 mM-MgCl2, 100 ,uM-CaCl2, 10 ,tg of phospha- [35] and Grynkiewicz et al. [36] . The association constants for ATP were adjusted for temperature and ionic strength as suggested by Phillips et al. [37] . MgATPase 8 .0 using the conditions described by Jin & Lin [40] . Under these conditions, 10% of the total TnT was found to be insoluble and presumed to be aggregated. Under both incubation conditions, less than 4% of the Tm was determined to be insoluble or aggregated and less than 20% of the total actin failed to sediment which suggested that more than 80 % of the actin was present as F-actin. Under both sets of conditions, the amount of bound TnT or bound Tm was determined as that amount of TnT or Tm appearing in the pellet with F-actin after first correcting for the insoluble or aggregated forms of TnT or Tm. Free (unbound) TnT [42] .
RESULTS
In order to better assess effects of PKC-catalysed phosphorylation of bovine cardiac TnT on the Ca2+-stimulated MgATPase activity of actomyosin, preparations of TnT were subjected to dephosphorylation by alkaline phosphatase or phosphoprotein phosphatase 1 before phosphorylation by PKC and reconstitution into Tn. Endogenous phosphate content in TnT as prepared was decreased from 0.6 to 0.3 mol of P/mol by the phosphatase pretreatments. Subsequent exhaustive phosphorylation by PKC resulted in the incorporation of 1.8 mol of P/mol for dephosphorylated TnT compared with 1.5 mol of P/mol for TnT not previously dephosphorylated.
Since our previous studies [20] have shown that PKC phosphorylation of TnT The data presented are means +S.E.M. of four paired experiments (assayed in triplicate), each using a different phosphorylated TnT preparation. In this and subsequent Figures, the asterisks denote that the values are significantly different (P < 0.05) from the respective controls, which contained unphosphorylated TnT.
Vol. 288 effect on the Ca2+ sensitivity of the reconstituted contractile apparatus, we suspected that these effects might be due to altered interactions among the thin-filament components. In order to explore the possibility that PKC-phosphorylated TnT might interact differently with the other components ofthe thin filament, the concentration-dependent effects of unphosphorylated and phosphorylated TnT on actomyosin MgATPase were first examined (Fig. 1) . While the total concentrations of the other components of the thin filament were held at a constant molar ratio of 1: 1: 1: 5 (TnC/TnI/Tm/actin), unphosphorylated TnT was found to regulate the activity of actomyosin MgATPase biphasically in the presence ofCa2+; the activity was progressively stimulated by TnT up to a concentration of 0.2 J#M (a molar ratio of 1:1:1:1:5 of TnC/TnI/TnT/Tm/actin, indicated by the arrow) and decreased at higher TnT concentrations. The Ca2+-stimulated activity, in the presence of increasing concentrations of phosphorylated TnT, was decreased relative to unphosphorylated TnT and this difference was maximal (a 48 % decrease in the net Ca2+-stimulated activity) at 0.2,UMphosphorylated TnT (Fig. 1) . In contrast with the biphasic effects seen in the presence of Ca2+ mentioned above, the MgATPase activity in the absence ofCa2+ progressively decreased with increasing concentrations of TnT and, moreover; attenuation of this effect was noted for phosphorylated TnT only at 0.1 uM (Fig. 1) .
Since the decreased Ca2+-stimulated MgATPase activity of the reconstituted actomyosin containing Tn with phosphorylated TnT might be explained by altered interactions of Tn with Tm and aptin, the concentration-dependent effects of Tm (Fig. 2) and actin (Fig. 3) on the Ca2+-stimulated MgATPase activity was exarIiined next. In the presence of constant molar ratios of TnC/TnI/TnT/actin/myosin equal to 1:1:1:5: 1, we found that Tm in the presence of Ca2+ progressively stimulated the actomyosin MgATPase activity and slightly inhibited the activity at higher concentrations (Fig. 2) . When the reconstituted actomyosin complex contained phosphorylated TnT, the Ca2+-stimulated activity was decreased by 20-30 %. Tm progressively inhibited the Ca2+-independent (basal) MgATPase activity of actomyosin containing unphosphorylated or phosphorylated TnT (Fig. 2) . Similarly, at the constant total molar ratio of TnC/TnI/TnT/Tm/myosin equal to 1: 1: 1: 1: 1, phosphorylated TnT decreased (up to 50 %) the actin-dependent Ca2'-stimulated actomyosin MgATPase activity (Fig. 3) .
The above results indicated that PKC-phosphorylated TnT decreased MgATPase activity presumably due, in part, to altered interactions with other components of the actomyosin complex. To examine these interactions more closely, we investigated the binding of TnT with Tm-F-actin. Since TnT is insoluble at low ionic strengths (concentrations of KCI less than 0.3 M) [38] , we performed the majority of these studies using the conditions (0.3 M-KCI, pH 7.0) established by Mehegan & Tobacman [38] for theSbinding of TnT-TnI to Tm-F-actin. The concentrationdependent binding of unphosphorylated TnT to Tm-F-actin (at a total molar ratio of 1: 5) compared with that of phosphorylated TnT is shown (Fig. 4) . Maximum binding of unphosphorylated (Fig. 4) , suggesting a decreased affinity of phosphorylated TnT for Tm-F-actin. A Hill coefficient of 1.5 + 0.2 was determined for the binding of both phosphorylated and unphosphorylated TnT, indicating that phosphorylation of TnT did not affect the co-operativity of its binding. In the same experiments, the concentration-dependent effects of unphosphorylated and phosphorylated TnT on the binding ofTm to F-actin were also assessed (results not shown). We observed that the binding of Tm to F-actin was dependent on the TnT concentration, that the total concentration of phosphorylated TnT that caused 50 % maximum Tm binding was 1.5-fold higher than that of unphosphorylated TnT (0.25 + 0.02 compared with 0.17 + 0.02 ,sM), and that maximum binding of Tm The binding of TnT to Tm-F-actin as a function of the concentration of F-actin was assessed as a constant molar ratio of total TnT/Tm equal to 1:1 (Fig. 6) . We found that maximal binding of TnT to Tm-F-actin was lower for phosphorylated TnT (0.20 + 0.01 tM), whereas the concentration of F-actin that caused 50% maximal TnT (Fig. 7) . In the absence of Ca2 , the maximum binding of phosphorylated TnT (0.15 + 0.01 /M) was lower than that of unphosphorylated TnT (0.19 + 0.01 /iM) (Fig. 7a) . In addition, the concentration of free (unbound) phosphorylated TnT heads with actin and hence prevent actin-myosin cross-bridge cycling. In the presence of Ca2 , the contractile apparatus becomes 'activated', beginning with a conformational change in the structure of TnC on the binding of Ca2" [45] , which results in an increased affinity of TnC for the MgATPase-inhibitory region of TnI [46] [47] [48] and functional detachment of TnI from actin [49] . This allows Tm to roll toward the centre of the actin helical groove, thus uncovering myosin-binding sites on actin and ultimately leading to actomyosin MgATPase activation and muscle contraction [2, 21] . The interactions among the thinfilament components in the relaxed (Scheme la) and fully activated (Scheme lb) states, as suggested by Leavis & Gergely [2] and Solaro & Pan [50] , are illustrated. We [19] and others [22] have shown that PKC phosphorylates bovine cardiac TnT at residues 190, 194, 199 and 280, all of which are located in the Cterminal half of TnT where binding to Tm, TnI and TnC occurs [2, 21] . Phosphorylation of TnT would conceivably result in alteration (possibly weakening) of the interactions of TnT with Tm, TnI and possibly TnC (Scheme 1 c), while still allowing full inhibition by TnI of the MgATPase activity in the absence of Ca2+ (Fig. 1) . Since TnT bound to Tn-F-actin is also required for full activation of actomyosin MgATPase activity in the presence of Ca2l (Fig. 1 (Figs. 1-3 , and ref. [20] ) and that, in the presence or absence of TnC and TnI, phosphorylated TnT had decreased maximal binding to and affinity for Tm-F-actin (Figs. 4-6) .
The inhibitory effects of both PKC-phosphorylated cardiac TnT and Tnl on the Ca2+-stimulated MgATPase activity of actomyosin [20] may have important consequences in the development and pathophysiology of the heart. Both TnI and TnT undergo isoform switching in the developing heart, where fetal isoforms of the two subunits are replaced by adult isoforms shortly after birth, and TnT in the adult heart is present as two isoforms differing at their N-termini [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Altered Ca2+ sensitivity of reconstituted Tn, containing different adult TnT isoforms, has been reported [58] . Furthermore, changes in Ca2+-activation and Ca2+-binding properties of TnC have been shown to occur in developing cardiac myofibrils [61] and these changes may be associated with isoform switching in TnI and TnT. In addition, human myopathic cardiac tissue has two distinct isoforms of TnT as opposed to the single major species in normal human myocardial tissue [62] . It is clear that additional studies are required to determine ifPKC phosphorylation of the different isoforms of TnT or Tnl would result in changes in the interaction of the components of the thin filament, and hence the Ca2+ sensitivity and/or activity of actomyosin MgATPase.
Finally, the PKC-activating phorbol esters have been shown to have negative inotropic effects on various cardiac preparations [4] [5] [6] [7] [8] [9] [10] [11] . Recent evidence [8] [9] suggests that one possible mechanism for these effects is through the phosphorylation of phospholamban by PKC [16] and the resulting inhibition of Ca2+ transport by the sarcoplasmic reticulum. We have previously hypothesized that PKC phosphorylation of Tnl and TnT could also exert a negative inotropic effect at the level of the contracile apparatus [20] . This notion is supported by our recent findings that phorbol ester stimulated the phosphorylation of Tnl and TnT in cardiac myocytes from neonatal [63] and adult rats (R. Venema & J. F. Kuo, unpublished work). Furthermore, 1992 Gwathmey & HajJar [12] have reported that phorbol ester treatment of human intact and skinned myocardial muscle fibres resulted in decreased peak twitch force, Ca2l release from the sarcoplasmic reticulum and Ca2l sensitivity of myofibrillar force development. It remains to be determined if PKC phosphorylation of TnT and TnI is involved here and which phosphorylation sites are responsible for these functional changes. We have also observed that adult rat cardiac myofibrillar preparations subjected to phosphorylation by PKC had decreased Ca2+-stimulated MgATPase activity (T. Noland & J. F. Kuo, unpublished work), in line with our earlier reports that phosphorylation of TnI and/or TnT in various troponin preparations decreased the enzyme activity in reconstituted actomyosin complex [20] .
